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ELECTRODE FOR FUEL CELL AND FUEL
CELL EMPLOYING THE ELECTRODE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Korean Patent Appli-
cation No. 2006-68411, filed on Jul. 21, 2006, 1n the Korean
Intellectual Property Office, the disclosure of which 1s incor-
porated herein 1n 1ts entirety by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Aspects of the present invention relate to an electrode for a
tuel cell and a fuel cell employing the same; more particu-
larly, to an electrode for a fuel cell 1n which materials having
an affinity for phosphoric acid are evenly dispersed within the
clectrode to ensure that phosphoric acids preferentially pen-
ctrate 1nto micropores and thus prevent cell performance
deterioration caused by the presence of excess phosphoric
acid 1 the electrode; and a fuel cell whose efficiency 1is
improved by employing the electrode.

2. Description of the Related Art

Fuel cells using a polymer electrolyte membrane as an
clectrolyte are expected to be used as a power supply for
clectric cars or a distributed power generation system for
domestic use since the operating temperature thereof 1s rela-
tively low and miniaturization is possible. Polymer electro-
lyte membranes used 1n polymer electrolyte membrane fuel
cells include perfluorocarbonsulionate polymer membranes,
for example, NAFION® (DuPont Company).

However, this type of polymer electrolyte membrane needs
moisture to show proton conduction, so humidification of the
membrane 1s needed. Further, hot operation at a temperature
of 100° C. or higher 1s required to increase the cell system
eificiency sulliciently; however such a high temperature
evaporates and dries up moisture 1n an electrolyte membrane,
thereby resulting 1n dysfunction as a solid electrolyte.

To solve such problems originating from the conventional
techniques, an unhumidified electrolyte membrane which can
operate at high temperatures in excess of 100° C. has been
developed. For example, Japanese Patent Laid-open No.
he111-503262 discloses materials for composing unhumaidi-
fied electrolyte membranes, including polybenzimidazole
doped with phosphoric acid.

Also, 1n low-temperature operating cells using pertluoro-
carbon sulfonic polymer membranes, an anhydrous electrode
made by mixing polytetrafluoroethylene (PTFE), which 1s a
water repellant, 1s largely used to prevent poor gas diffusion
caused by ambient water or water produced during power
generation at the electrodes, in particular a cathode. (An
example 1s Japanese Patent Laid-open No. hei03-283082).

Also, 1n phosphoric acid-type fuel cells which are operated
at temperatures of 150 to 200° C., liquid phosphoric acid 1s
used as an electrolyte, but this liquid phosphoric acid exists
within electrodes 1n large amounts and also 1nhibits gas dii-
tusion. Thus, polytetrafluoroethylene (PTFE) 1s mixed within
an electrode catalyst, and an electrode catalyst layer 1s used to
prevent micropores 1n the electrodes from being blocked with
phosphoric acid.

Also, regarding fuel cells using polybenzimidazole (PBI)
contaiming phosphoric acid 1n electrolyte membranes, which
combination comprises a high-temperature unhumidified
clectrolyte, impregnation of liquid phosphoric acid into elec-
trodes has been attempted to improve the interfacial contact
between electrodes and membranes, and there have been
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2

elforts to 1ncrease the loading concentration of metal cata-
lysts, but satistactory properties could not be obtained.

SUMMARY OF THE INVENTION

Aspects of the present mnvention provide an electrode for
tuel cells which can improve properties of the fuel cells by
increasing the three-phase interfacial area of gas (fuel gas or
oxidized gas)-liquid (phosphoric acid)-solid (catalyst) on the
surface of the catalyst, as well as methods of manufacturing a
tuel cell employing the electrode.

Additional aspects and/or advantages of the invention will
be set forth 1n part in the description which follows and, in
part, will be obvious from the description, or may be learned
by practice of the mvention.

One aspect of the present invention provides an electrode
for fuel cells including a catalyst layer containing a benzox-

azine monomer represented by Formula 1 below, a catalyst,
and a binder:

|Formula 1]

R

where R, 1s a hydrogen atom, a substituted or unsubstituted

C1-C20 alkyl group, a substituted or unsubstituted C2-C20
alkenyl group, a substituted or unsubstituted C2-C20 alkynyl
group, a substituted or unsubstituted C6-C20 aryl group, a
substituted or unsubstituted C3-C20 heteroaryl group, a sub-
stituted or unsubstituted C4-C20 cycloalkyl group, a substi-
tuted or unsubstituted C2-C20 heterocyclic group, a halogen
atom, a hydroxy group, or a cyano group; and

R, 1s a substituted or unsubstituted C1-C20 alkyl group, a
substituted or unsubstituted C2-C20 alkenyl group, a substi-
tuted or unsubstituted C2-C20 alkynyl group, a substituted or
unsubstituted C6-C20 aryl group, a substituted or unsubsti-
tuted C7-C20 arylalkyl group, a substituted or unsubstituted
C3-C20 heteroaryl group, a substituted or unsubstituted
(C3-C20 heteroarylalkyl group, a substituted or unsubstituted
C4-C20 carbocyclic group, a substituted or unsubstituted
C4-C20 carbocyclic alkyl group, a substituted or unsubsti-
tuted C2-C20 heterocyclic group, or a substituted or unsub-
stituted C2-C20 heterocyclic alkyl group.

Another aspect of the current invention provides a method
of manufacturing an electrode for fuel cells, including:
obtaining a dispersed solution by dispersing a catalyst in a
solvent; adding, mixing and stirring a mixture containing a
benzoxazine monomer represented by Formula 1, a binder,
and a solvent with the dispersed solution; and coating the
mixture on the surface of a carbon support:

|Formula 1]
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where R, 1s a hydrogen atom, a substituted or unsubstituted
C1-C20 alkyl group, a substituted or unsubstituted C2-C20
alkenyl group, a substituted or unsubstituted C2-C20 alkynyl
group, a substituted or unsubstituted C6-C20 aryl group, a
substituted or unsubstituted C3-C20 heteroaryl group, a sub-
stituted or unsubstituted C4-C20 cycloalkyl group, a substi-
tuted or unsubstituted C2-C20 heterocyclic group, a halogen
atom, a hydroxy group, or a cyano group; and

R, 1s a substituted or unsubstituted C1-C20 alkyl group, a
substituted or unsubstituted C2-C20 alkenyl group, a substi-
tuted or unsubstituted C2-C20 alkynyl group, a substituted or
unsubstituted C6-C20 aryl group, a substituted or unsubsti-
tuted C7-C20 arylalkyl group, a substituted or unsubstituted
C3-C20 heteroaryl group, a substituted or unsubstituted
C3-C20 heteroarylalkyl group, a substituted or unsubstituted
C4-C20 carbocyclic group, a substituted or unsubstituted
C4-C20 carbocyclic alkyl group, a substituted or unsubsti-
tuted C2-C20 heterocyclic group, or a substituted or unsub-
stituted C2-C20 heterocyclic alkyl group.

Another aspect of the present invention provides a fuel cell
employing the electrode.

Additional aspects and/or advantages of the mnvention will
be set forth 1n part 1 the description which follows and, in
part, will be obvious from the description, or may be learned
by practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects and advantages of the invention
will become apparent and more readily appreciated from the
tollowing description of the embodiments, taken 1n conjunc-
tion with the accompanying drawings of which:

FIGS. 1 through 4 show cell potential changes as a function
of current density for fuel cells manufactured according to
Examples 1 to 3, and Comparative Example 1, respectively;
and

FIG. 5 shows the results of measuring at 1 kHz the cell
resistance of a membrane electrode assembly (MEA) manu-
factured according to Example 2 and Comparative Examples
1-3, as a function of temperature, during repeated cooling-
heating of the cells after the cell capacity reaches a maximum
point.

DETAILED DESCRIPTION OF TH
EMBODIMENTS

(Ll

Reference will now be made in detail to the present
embodiments of the present invention. The embodiments are
described below 1n order to explain the present invention,
including reference to the figures.

The electrode for fuel cells according to an embodiment of
the present invention contains an even distribution of a hydro-

philic or phosphoric acidophilic benzoxazine monomer rep-
resented by Formula 1 below, which 1s soluble 1n phosphoric
acid but does not poison a catalyst, thereby improving the
wetting capability of phosphoric acid (H;PO, ) within the
clectrode and allowing the phosphoric acid to permeate pret-
erentially into micropores of the electrode. This efficiently
prevents the problem of flooding that occurs when phosphoric
acids permeate principally into macropores of the electrode,
such that liquid phosphoric acids exist in large amounts
within the electrode and inhibit gas diffusion. Thus, the three-
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4

phase interfacial area of gas phase (fuel gas or oxidized gas)-
ligquid phase (phosphoric acid)-solid phase (catalyst) 1is
increased.

|Formula 1]

R

In this embodiment, R, 1s a hydrogen atom, a substituted or
unsubstituted C1-C20 alkyl group, a substituted or unsubsti-
tuted C2-C20 alkenyl group, a substituted or unsubstituted
C2-C20 alkynyl group, a substituted or unsubstituted C6-C20
aryl group, a substituted or unsubstituted C3-C20 heteroaryl
group, a substituted or unsubstituted C4-C20 cycloalkyl
group or a substituted or unsubstituted C2-C20 a heterocyclic
group, a halogen atom, a hydroxy group, or a cyano group,
and

R, 1s a substituted or unsubstituted C1-C20 alkyl group, a
substituted or unsubstituted C2-C20 alkenyl group, a substi-
tuted or unsubstituted C2-C20 alkynyl group, a substituted or
unsubstituted C6-C20 aryl group, a substituted or unsubsti-
tuted C7-C20 arylalkyl group, a substituted or unsubstituted
C3-C20 heteroaryl group, a substituted or unsubstituted
C3-C20 heteroarylalkyl group, a substituted or unsubstituted
C4-C20 carbocyclic group, a substituted or unsubstituted
C4-C20 carbocyclic alkyl group, a substituted or unsubsti-
tuted C2-C20 heterocyclic group, or a substituted or unsub-
stituted C2-C20 heterocyclic alkyl group.

InFormula 1, R, may specifically be a C1-C10 alkyl group,
an allyl group, a C6-C20 aryl group, a tertbutyl group, a
C2-C10 alkenyl group, or a C2-C10 alkynyl group, and R,
may specifically be aniline, a 1-(3-aminopropyl imidazolyl
group, a 2-aminobenzimidazolyl group, an allyl amine-de-
rivative group, or a group represented by the Formulae below:

O

\/\N/\N
\—/

CF;

/

O 5O
\// _<\}

More specifically, examples of a benzoxazine monomer
represented by Formula 1 include the compounds represented
by Formulae 2 through 11:
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|Formula 2]
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|Formula 3]
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|Formula 7]

|Formula 8]

|Formula 9]

|Formula 10]

|Formula 11]

65  The electrode according to an embodiment of the present
invention contains a catalyst and a binder 1n addition to the
benzoxazine monomer of Formula 1. The benzoxazine mono-



US 8,679,705 B2

7

mer of Formula 1 1s a maternial for improving phosphoric acid
wettability, and the concentration thereof may be 0.001 to 0.5
parts by weight based on one part by weight of the catalyst. A
concentration of the benzoxazine monomer of Formula 1
lower than 0.001 parts by weight 1s insuificient for improving
the wetting state of the electrode, while a concentration
higher than 0.5 parts by weight undesirably accelerates tflood-
ing.

For the catalyst, platinum (Pt) 1s independently used, or an
alloy or mixture of Pt with at least one metal selected from the
group consisting of gold, palladium, rhodium, 1iridium, ruthe-
nium, tin, molybdenum, cobalt, and chromium 1s used.

For the binder, at least one polymer selected from the group
consisting of poly(vinylidenefluoride), polytetrafluoroethyl-
ene, and tetrafluoroethylene-hexafluoroethylene copolymer
1s used, and the content of the binder may be 0.001 to 0.5 parts
by weight based on one part by weight of the catalyst. When
the concentration of the binder 1s lower than 0.001 parts by
weight, 1t 1s msuilicient to connect the catalyst particles, and
thus the catalyst particles function separately rather than
together. As a result, the catalyst layer detaches from the
carbon paper. When the concentration of the binder 1s higher
than 0.5 parts by weight, the resistance of the electrode 1s
increased, and thus the cell performance deteriorates.

A method of manufacturing the electrode for fuel cells 1s
described below.

First, a dispersed solution 1s obtained by dispersing a cata-
lyst 1n a solvent. N-methyl-pyrrolidone (NMP), dimethylac-
ctamide (DMAC) or the like are used as the solvent, and the
concentration of the solvent 1s 1 to 10 parts by weight based
on one part by weight of the catalyst.

A mixture containing a benzoxazine monomer represented
by Formula 1, a binder, and the solvent are added to the
dispersed solution and mixed, and the resulting mixture 1is
stirred. The concentration of the benzoxazine monomer 1s
0.001 to 0.5 parts by weight based on one part by weight of the
catalyst. The concentration of the binder 1s 0.001 to 0.1 parts
by weight based on one part by weight of the catalyst.

The electrode 1s completed by coating the above resulting
mixture on the surface of a carbon support material. The
carbon support material 1s fixed on a glass substrate for con-
venience of coating. Coating methods are not limited to par-
ticular methods, but methods such as coating using a doctor
blade, Meyer Bar coating, screen printing or the like can be
used.

After coating the mixture, drying is performed to remove
the solvent, and 1s carried out at temperatures in the range of
20 to 150° C. The drying time depends on the drying tem-
perature, and 1s carried out for 10 to 60 minutes. The drying
may be carried out for 1 hour at room temperature; for at least
15 minutes at 60° C.; for at least 10 minutes at 80° C.; or for
at least 10 minutes at 120° C.

Methods of manufacturing a fuel cell using the electrode
for fuel cells according to an embodiment of the present
invention are described below.

For electrolyte membranes i an embodiment of the
present invention, any electrolyte membranes commonly
used 1n fuel cells can be used. Examples include a polyben-
zimidazole electrolyte membrane, a polybenzoxazine-poly-
benzimidazole copolymer electrolyte membrane, a polytet-

rafluoroethylene microporous membrane, etc.

According to an embodiment of the present invention, an
clectrolyte membrane containing a cross-linked co-polymer
ol polybenzoxazine compounds which 1s prepared by co-
polymerization of one compound selected from a first ben-
zoxazine monomer represented by Formula 1 below, a second
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8

benzoxazine monomer represented by Formula 12 below and
a cross-linkable compound where:

|Formula 1]

R

R, 1s a hydrogen atom, a substituted or unsubstituted
C1-C20 alkyl group, a substituted or unsubstituted C2-C20
alkenyl group, a substituted or unsubstituted C2-C20 alkynyl
group, a substituted or unsubstituted C6-C20 aryl group, a
substituted or unsubstituted C3-C20 heteroaryl group, a sub-
stituted or unsubstituted C4-C20 cycloalkyl group, a substi-
tuted or unsubstituted C2-C20 heterocyclic group, a halogen
atom, a hydroxy group, or a cyano group;

R, 1s a substituted or unsubstituted C1-C20 alkyl group, a
substituted or unsubstituted C2-C20 alkenyl group, a substi-
tuted or unsubstituted C2-C20 alkynyl group, a substituted or
unsubstituted C6-C20 aryl group, a substituted or unsubsti-
tuted C7-C20 arylalkyl group, a substituted or unsubstituted
C3-C20 heteroaryl group, a substituted or unsubstituted
C3-C20 heteroarylalkyl group, a substituted or unsubstituted
C4-C20 carbocyclic group, a substituted or unsubstituted
C4-C20 carbocyclic alkyl group, a substituted or unsubsti-
tuted C2-C20 heterocyclic group, or a substituted or unsub-
stituted C2-C20 heterocyclic alkyl group; and

|Formula 12]
R,

OO
/

R;

where R, 1s a substituted or unsubstituted C1-C20 alkyl
group, a substituted or unsubstituted C2-C20 alkenyl group, a
substituted or unsubstituted C2-C20 alkynyl group, a substi-
tuted or unsubstituted C6-C20 aryl group, a substituted or
unsubstituted C7-C20 arylalkyl group, a substituted or
unsubstituted C3-C20 heteroaryl group, a substituted or
unsubstituted C3-C20 heteroarylalkyl group, a substituted or
unsubstituted C4-C20 carbocyclic group, a substituted or
unsubstituted C4-C20 carbocyclic alkyl group, a substituted
or unsubstituted C2-C20 heterocyclic group, or a substituted
or unsubstituted C2-C20 heterocyclic alkyl group; and

R, 1s selected from the group consisting of a substituted or
unsubstituted C1-C20 alkylene group, a substituted or unsub-

stituted C2-C20 alkenylene group, a substituted or unsubsti-
tuted C2-C20 alkynylene group, a substituted or unsubsti-

tuted C6-C20 arylene group, a substituted or unsubstituted

C3-C20 heteroarylene group, and —C(—0)—, —SO,—.
Examples of the benzoxazine monomer represented by

Formula 1 are compounds represented by Formulae 2 through
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11, and examples of the second benzoxazine monomer rep-
resented by Formula 12 are compounds represented by For-

mulae 13 through 17.
/"
N
CHs >
O

|Formula 13]

O

< CHs
N
/
Ry
|Formula 14]
R,
/
N
CL3 >
e O
< / CE3
N
/
R;
|[Formula 15]
O

o

O

E\z/\o
N
@

|Formula 16]

y>
i« \z(\o
\:

O=—un=0

|Formula 17]

CH3

é

~
\/ R,

E\Z/\O
S
Q

and R, specifically, 1s, —CH,—CH=—CH,, or one of the
groups represented by the following Formulae:
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Examples of the cross-linkable compounds include at least
one polymer selected from polybenzimidazole (PBI), poly-
benzothiazole, polybenzoxazole, and polyimide, but are not
limited thereto.

The cross-linkable compound 1s mixed with one com-
pound selected from the first benzoxazine monomer repre-
sented by Formula 1 and the second benzoxazine monomer
represented by Formula 12 1n a predetermined mixing ratio.
The concentration of the cross-linkable compound may be 5
to 95 parts by weight based on 100 parts by weight of the
combination of the first benzoxazine monomer represented
by Formula 1 and the second benzoxazine monomer repre-

sented by Formula 12.

When the concentration of the cross-linkable compound 1s
lower than 5 parts by weight, proton conductivity drops due to
a lack of phosphoric acid impregnation. On the other hand,
when the concentration of the cross-linkable compound 1s
higher than 95 parts by weight, the cross-linking body dis-
solves 1n 85% phosphoric acid, which causes undesirable gas
permeation.

Methods of forming electrolyte membranes are now
described with examples using polybenzimidazole as the
cross-linkable compound.

According to the first method, a monomer selected from a
first benzoxazine monomer represented by Formula 1 and a
second benzoxazine monomer represented by Formula 12
were blended with a cross-linkable compound such as PBI,
and a curing reaction was carried out at temperatures in the
range of 5010 250° C., preferably 80 to 220° C. Then, a proton
conductor such as an acid was loaded into the resulting co-
polymer to form an electrolyte membrane.

According to the second method, an electroyte membrane
1s formed using a mixture of a first benzoxazine monomer
represented by Formula 1 and a second benzoxazine mono-
mer represented by Formula 12 with a cross-linkable com-
pound such as PBI.

As a method of forming the electrolyte membrane, a tape
casting method or conventional coating methods can be used.
Examples of the coating methods include casting the mixture
on a support material using a doctor blade. Here the doctor
blade has a gap of 250 500 um.

When the doctor blade casting method 1s used for forming
the membrane, it 1s necessary to separate and remove the
support material from the electrolyte membrane between the
curing reaction and injecting the acid. To remove the support
material, soaking 1s carried out in distilled water at tempera-
tures of 60 to 80° C.

For the support material, any material which can support
the electrolyte membrane can be used. Examples of the sup-
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port material include a glass substrate, a polyimide film, and
the like. When the tape casting method 1s used, the tape-cast
membrane 1s separated ifrom the support material such as
polyethylene terephthalate and put mto an oven for curing;
thus the subsequent process of removing the support material
1s not required.

Also, when using a tape casting method using a mixture
comprising benzoxazine monomers and polybenzimidazole
to form the membrane, filtering the mixture 1s added.

After heating and curing the formed membrane, the mem-
brane 1s loaded with a proton conductor such as an acid to
form the electrolyte membrane.

Examples of the proton conductor include phosphoric acid,
C1-C10 alkyl phosphonic acid, and the like. Examples of the
C1-C10 alkyl phosphonic acid include ethyl phosphonic acid
or the like.

The concentration of the proton conductor 1s 300 to 1000
parts by weight based on 100 parts by weight of the electro-
lyte membrane. The concentration of acids used 1 an
embodiment of the present invention 1s not limited to a par-
ticular concentration, but when using phosphoric acid, an 85
welght % of phosphoric acid solution 1s used. The soaking
time for the phosphoric acid 1s 2.5 to 14 hours at 80° C.

The electrolyte membrane can be used as a hydrogen 10n
conducting membrane for fuel cells. A process of manufac-
turing an electrode-membrane assembly for fuel cells 1s as
below.

The term “membrane and electrode assembly (MEA)” as
used 1n these aspects of the present invention refers to a
stacked structure 1 which electrodes including a catalyst
layer and a diffusion layer are disposed on both sides of an
clectrolyte membrane.

The MEA 1n an embodiment of the present invention 1s
formed by positioning the electrodes including the electrode
catalyst layer on both sides of the electrolyte membrane that
had been obtained from the above process, and bonding them
at high temperature and pressure, and then by bonding a tuel
diffusion layer thereto.

The temperature 1s raised up to the temperature for the
clectrolyte membrane softening, and a pressure of 0.1 to 3
ton/cm”, particularly 1 ton/cm” of pressure is applied.

Then, a bipolar plate 1s installed on the fuel diffusion layer
of the electrode-membrane assembly to complete the tuel
cell. The bipolar plate has a slot for fuel supply, and functions
as a current collector. In this embodiment of the present
invention, the polymer electrolyte membrane 1s preferably
used 1n a fuel cell, but the polymer electrolyte membrane 1s
not limited to this usage.

The definitions of the substituents used 1n the embodiments
of the present invention comprising the above Formulae are
listed below.

Specific examples of the unsubstituted C1-C20 alkyl group
in the Formulae of the above embodiments of the present
invention include methyl, ethyl, propyl, 1sobutyl, sec-butyl,
pentyl, 1so-amyl, hexyl, and the like. At least one hydrogen
atom of the alkyl group can then be substituted with: a) a
halogen atom; b) an additional substituted C1-C20 alkyl
group that 1s itself substituted with a halogen atom (for
example, CCF,, CHCF,, CH,F, CCl;, and the like), a
hydroxy group, a nitro group, a cyano group, an amino group,
an amidino group, a hydrazine, a hydrazone, a carboxyl group
or a salt thereof, a sulfonic group or a salt thereof, or a
phosphate group or salt thereof; ¢) or an additional C1-C20
alkyl group, C2-C20 alkenyl group, C2-C20 alkynyl group,
C2-C20 heteroalkyl group, C6-C20 aryl group, C7-C20 ary-
lalkyl group, C6-C20 heteroaryl group, or C6-C20 heteroary-

lalkyl group.
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Specific examples of the unsubstituted C2-C20 alkenyl
group 1n the Formulae of the above embodiments of the
present invention include vinylene, allylene, and the like, and
at least one hydrogen atom of the alkenyl group also can be
substituted with the same substituents as 1n the alkyl group, as
listed above.

Specific examples of the unsubstituted C2-C20 alkynyl
group 1n the Formulae of the above embodiments of the
present invention include acetylene and the like, and at least
one hydrogen atom of the alkynyl group can be substituted
with the same substitutents as i the alkyl group, as listed
above.

Specific examples of the unsubstituted C2-C20 alkylene
group 1n the Formulae of the above embodiments of the
present invention include methylene, ethylene, propylene,
1sobutylene, sec-butylene, pentylene, 1so-amylene, hexylene,
and the like, and at least one hydrogen atom of the alkylene
group can be substituted with the same substitutents as 1n the
alkyl group, as listed above.

Specific examples of the unsubstituted C2-C20 alkenylene
group 1n the Formulae of the above embodiments of the
present invention include an aryl group and the like, and at
least one hydrogen atom of the alkenylene group can be
substituted with the same substitutents as in the alkyl group,
as listed above.

Specific examples of the unsubstituted C2-C20 alkynylene
group 1n the Formulae of the above embodiments of the
present invention include an acetylene group and the like, and
at least one hydrogen atom of the alkynylene group can be
substituted with the same substitutents as 1n the alkyl group as
listed above.

The aryl group used 1n the above embodiments of the
present invention can be more than one ring or a C6-C20
carbocycle aromatic system having at least one additional
ring where the rings are attached together 1n a chain or are
fused. The term “aryl” includes an aromatic radical such as a
phenyl, naphthyl, or tetrahydronaphthyl radical. The aryl
group can have substituents such as haloalkylene, nitro,
cyano, alkoxy and low carbon number alkylamino substitu-
ents. Also, atleast one hydrogen atom of the aryl group can be
substituted with the same substituents as 1n the alkyl group as
listed above.

The arvlene group used in the above embodiments of the
present invention can be more than one ring or a C6-C20
carbocycle aromatic system having at least one additional
ring where the rings are attached together 1n a chain or are
fused. The term arylene includes an aromatic radical such as
a phenylene, naphthylene, or tetrahydronaphthylene radical.
The arylene group can have substituents such as haloalkylene,
nitro, cyano, alkoxy and low carbon number alkylamino sub-
stituents. Also, at least one hydrogen atom of the arylene
group can be substituted with the same substituents as 1n the
alkyl group as listed above.

The arylalkyl group used 1n the above embodiments of the
present invention includes an aryl group in which some
hydrogen atoms are substituted with a low carbon number
alkyl group such as aradical including a methyl, ethyl, propyl,
or stmilar radical. Examples include benzyl, phenylethyl, or
the like. Atleast one hydrogen atom of the arylalkyl group can
be substituted with the same substituents as 1n the alkyl group
as listed above.

The heteroaryl group used in the above embodiments of the
present invention icludes a C3-C20 monocyclic or bicyclic
aromatic ring that includes one to three non-carbon atoms 1n
the rings selected from N, O, P and S. At least one hydrogen
atom of the heteroaryl group can be substituted with the same
substituents as 1n the alkyl group as listed above.
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The heteroarylene group used in the above embodiments of
the present invention includes a C3-C20 monocyclic or bicy-

clic aromatic ring that includes one to three non-carbon atoms
in the ring selected from N, O, P and S. At least one hydrogen
atom of the heteroarylene group can be substituted with the
same substituents as in the alkyl group as listed above.

The heteroarylalkyl group used 1n the above embodiments
of the present invention includes a heteroaryl group 1n which
some hydrogen atoms are substituted with an alkyl group. At
least one hydrogen atom of the heteroarylalkyl group can be
substituted with the same substituents as 1n the alkyl group as
listed above.

The carbocyclic group used 1n the above embodiments of
the present invention mcludes a C5-C10 ring group such as a
cyclohexyl group, and at least one hydrogen atom of the
carbocyclic group can be substituted with the same substitu-
ents as 1n the alkyl group as listed above.

The carbocyclic alkyl group used 1n the above embodi-
ments of the present invention includes a carbocyclic group in
which at least one hydrogen of the alkyl group ring 1s substi-
tuted with an additional alkyl group. At least one hydrogen
atom of the additional alkyl group can also be substituted with
the same substituents as 1n the alkyl group listed above.

The heterocyclic group used 1n the above embodiments of
the present mvention includes a ring group having 5 to 10
atoms including non-carbon atoms 1n the ring such as nitro-
gen, sulfur, phosphorus, oxygen, or the like, and at least one
hydrogen atom of the heterocyclic group ring can also be
substituted with the same substituents as 1n the alkyl group as
listed above.

The heterocyclic alkyl group used in the above embodi-
ments of the present ivention 1includes a heterocarbocyclic
group 1n which at least one hydrogen of the heterocyclic alkyl
group 1s substituted with an additional alkyl group. At least
one hydrogen atom of the heterocyclic alkyl group can be
substituted with the same substituents as 1n the alkyl group as
listed above.

Hereinatter, the present invention will be described with
reference to the following examples. The following examples
are for 1llustrative purposes only and are not intended to limait
the scope of the invention.

EXAMPLES

Example 1

Manufacturing an Electrode for Fuel Cells and a
Fuel Cell Employing the Electrode

2 g of PtCo/C catalyst and 9 g of n-methyl-2-pyrrolidone
(NMP) were added to a stirring container and stirred for 2
minutes using a high-speed stirring machine. To this mixture,
a solution in which 0.4 g of t-BUPH-a, represented by For-
mula 4 had been dissolved in 3.6 g of NMP was added and this
second mixture was stirred for an additional 2 minutes.

Next, a solution in which 0.1 g of polyvinylidenetluoride
had been dissolved 1n 3.9 g of NMP was added to the second
mixture and was stirred for an additional 2 minutes to make a
slurry for forming electrode catalyst layers.

Carbon paper was cut to the size of 4x7 cm?, fixed on a
glass substrate, and coated with the slurry for forming a
cathode catalyst layer using a doctor blade (Sheen instru-
ment) with a gap controlled to 850 um.

The glass-carbon paper-slurry preparation was then dried
for one hour at room temperature to provide a cathode. The
loading of platinum cobalt catalyst in the completed cathode

is 3.0 mg/cm”.
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An anode used 1n embodiments of the present mvention
was obtained by the process described below.

2 g Pt/C and 9 g of NMP were added to a stirring container
and stirred for 2 minutes using a high-speed stirring machine.
Next, a solution 1n which 0.1 g of polyvinylidenefluoride had
been dissolved 1in 3.9 g of NMP was added to the above

mixture and stirred for an additional 2 minutes to make a
slurry for forming anode catalyst layers. The slurry for form-
ing anode catalyst layers was coated on carbon paper having
a microporous layer using a bar coater machine. The loading
of Pt of the completed anode is 1.4 mg/cm?.

Separately, 65 parts by weight of benzoxazine monomer
represented by Formula 3 and 35 parts by weight of a poly-
benzimidazole were blended and set at temperatures 1n the
range of 50 to 250° C., preferably of 80 to 220° C. Then, 85

weight % phosphoric acid was loaded therein to form an
clectrolyte membrane. The concentration of phosphoric acid
was approximately 500 parts by weight based on 100 parts %
by total weight of the electrolyte membrane.

A membrane electrode assembly (MEA) was manufac-
tured by disposing the electrolyte membrane between the
cathode and the anode, wherein the cathode and the anode
were used without being impregnated with phosphoric acid.

A 200 um-thick polytetratluoroethylene (e.g., TEFLON®

by DuPont) sheet for a main gasket and a 20 um-thick poly-
tetratluoroethylene sheet for a sub-gasket were placed
between each electrode and the electrolyte membrane to
block gas permeation between the cathode and the anode. The
MEA was completed by controlling and increasing the pres-
sure applied on the MEA from 1, through 2, and to 3 newton-
meters (N-m) torque using a torque wrench.

The performance of a fuel cell using the MEA was mea-
sured for generating electricity by circulating hydrogen to the
anode with a flow rate of 100 ccm (cubic cm per minute), and
air to the cathode with a flow rate of 250 ccm (cubic cm per
minute) at 150° C. under the condition that the electrolyte
membrane was not hydrated. Since an electrolyte doped with
phosphoric acid 1s used, the tuel cell performance 1mproves
with time; therefore the final measurement 1s determined after
aging when the operating voltage reaches a maximum. The
area of the cathode and the anode 1s fixed to 2.8x2.8=7.84
cm?. The thickness of the cathode and the anode can be varied
depending on the amount of slurry coated on the carbon
paper, but 1n this example, the thickness of the cathode was
approximately 430 um and the thickness of the anode was
approximately 390 um.

Example 2

Manufacturing an Flectrode for Fuel Cells and a
Fuel Cell Employing the Electrode

An electrode for fuel cells and a fuel cell employing the
clectrode were manufactured in the same manner as 1n
Example 1 except that 0.6 g of t-Buph-a represented by For-
mula 4 was used instead of 0.4 g of t-Buph-a. The platinum
cobalt loading in the completed cathode was 2.5 mg/cm”.

Example 3

Manufacturing an Electrode for Fuel Cells and a
Fuel Cell Employing the Electrode

An electrode for fuel cells and a fuel cell employing the
electrode were manufactured in the same manner as in

Example 1 except that 0.2 g of t-Buph-a represented by For-
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mula 4 was used instead of 0.4 g of t-Buph-a. The platinum
cobalt loading in the completed cathode was 2.0 mg/cm®.

Comparative Example 1

Manufacturing an Electrode for Fuel Cells and a
Fuel Cell Employing the Electrode

An electrode for fuel cells and a fuel cell employing the
clectrode were manufactured i the same manner as 1n
Example 1 except that t-Buph-a represented by Formula 4
was not added. The platinum cobalt loading 1n the completed
cathode was 3.0 mg/cm? and the platinum loading amount of
the completed anode was 1.4 mg/cm”.

Comparative Example 2

Manufacturing an Electrode for Fuel Cells and a
Fuel Cell Employing the Electrode

An electrode for fuel cells and a fuel cell employing the
clectrode were manufactured in the same manner as in
Example 1 except that 0.1 g of SB (2,6-d1-tert-butyl-4-meth-
ylpyridine, CAS No. 38222-83-2) represented by Formula
18, below, was used instead of the t-Buph-a represented by
Formula 4.

Formula 18
CHj

\

/

Comparative Example 3

Manufacturing an Electrode for Fuel Cells and a
Fuel Cell Employing the Electrode

An electrode for fuel cells and a fuel cell employing the
clectrode were manufactured in the same manner as in
Example 1 except that 0.4 g of tris-(4-hydroxyphenyl )phos-
phate represented by the Formula below was used instead of
the t-Buph-a represented by Formula 4:

O

OO
C

OH

The changes 1n cell potential as a function of current den-
sity were measured 1n the fuel cells of Examples 1 to 3 and
Comparative Example 1, and the results are shown in FIGS. 1
through 4, respectively.
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Retferring to FIGS. 1 through 4, 1t can be seen that MEA
performance 1s improved when using the electrode manufac-
tured by adding t-Buph-a of Formula 4 except when 0.2 g of
t-Buph-a was added. That 1s, when n 0.4 g ot t-Buph-a 0.4 was
added, the improvement 1n performance was highest, result-
ing in a voltage 0f0.716 V at 0.3 A/cm” for 264 hours of aging
(Example 1, FIG. 1). The analogous numbers for 0.6 g
t-Buph-a were 312 hours of aging, 0.707 V measured at 0.3
A/cm? (Example 2, FIG. 2). However, there was no change in
performance at 144 hours of aging when 0.2 g of t-Buph-a
was added (Example 3, FIG. 3) with respect to the perfor-
mance at 360 hours of aging when no t-Buph-a was added
(Comparative Example 1, FIG. 4); 1n both cases, the voltage
measured at a current density of 0.3 A/cm* was 0.699 V.
Therefore, 1t 1s shown that the additive, that 1s, t-Buph-a
evenly disperses phosphoric acid to electrodes with
micropores, and increases the three-phase interfacial area,
thereby improving the performance of the MEA.
Measurement 1: Measurement of Cell Resistance

After the cell performance of the MEA obtained from
Example 2 and Comparative Examples 1-3 was maximized,
cell resistance was measured as a function of temperature at 1
kHz during repeated cooling-heating of the cell, and the result
1s shown 1 FIG. 5. In FIG. 3, t-Buph-a 30 wt % 1s from
Example 2, SB 5 wt % 1s from Comparative Example 2, and
#5(0OH) 1s from Comparative Example 3.

Reterring to FIG. 5, MEAs were formed using electrodes
manufactured in the same manner as in Example 1 except that
different additives were used as described above and shown
on FIG. 5, and the cell resistance at 1 kHz was measured with
an AC ohmmeter at each temperature during repeated cool-
ing-heating of the cell after the cell performance was maxi-
mized. It 1s observed that the cell resistance of the MEA
employing the electrode to which t-Buph-a 1s added shows
little 1ncrease 1n cell resistance during cooling (little hyster-
es1s). A large increase in cell resistance when cooling 1s
related to increases not only in the electrolyte membrane
resistance but also in the interfacial resistance. Thus, 1t 1s
shown that the t-Buph-a additive, unlike other additives,
maintains the dispersed state of phosphoric acid within the
clectrodes, and thus keeps the interfacial resistance low.
Measurement 2: Measurement of Cell Resistance

Now turning to Table 1, to analyze the improvement 1n
performance of the fuel cell according to one embodiment of
the present invention, the voltage as a function of log(1) was
calculated, where y=voltage, the y intercept 1s a, the slope 1s
b, was obtained by carrying out Tafel fitting. The v intercept
value, which 1s related to exchange current density, increases
when additives are used. The slope, which 1s related to the
reaction mechamsm, shows a distinctively different value for
a PBI standard electrode from a PI'FE electrode, thus changes
in reaction mechanism are presumed.

STD PBI of Table 1 1s a fuel cell which was manufactured
in the same manner as 1n Example 1 except that polybenzimi-
dazole was added as a binder instead of polyvinylidenefluo-
ride. STD PTFE(623) of Table 1 1s a fuel cell which was
manufactured in the same manner as in Example 1 except that
polytetratloroethylene was added as a binder mstead of poly-
vinylidenefluoride. mBOA (0.17 parts by weight) 1s a fuel cell
which was manufactured 1n the same manner as in Example 1
except that 0.17 parts by weight of t-Buph-a based on 1 part
by weight of catalyst was added. mBOA No. 4 (0.22 parts by
welght mBOA) 1s a fuel cell which was manufactured 1n the
same manner as in Example 1 exceptthat 0.22 parts by weight
of t-Buph-a based on 1 part by weight of catalyst was added.
mBOA (N.A.) 1s a fuel cell which was manufactured in the

same manner as 1 Example 1 except that an electrolyte
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membrane, which was obtained by dissolving t-Buph-a in
phosphoric acid and loading the mixture solution into the
benzoxazine monomer/polybenzimidazole copolymer, was

used instead of directly adding t-Buph-a to the electrodes.

: : 5
The results of the Tafel fitting measurements are shown in

Table 1 below.

TABLE 1

ADDITIVE 10

OR E=a+b*In(1) E=a+Db"*log(i)
COMPOSITION  BINDER a b b' (mV/decade)
STB PBI PBI 0.576 —0.038 ~86.5
STD PTFE(623) PTFE 0.656 —0.051 ~116.6 13
mBOA (17 wt%)  mBOA 0.699  —0.046 ~104.9
mBOA-4 (22 wt %) mBOA 0.673 -.0.044 ~101.2
mBOA (N.A.) mBOA 0.705  —0.045 ~103.0

Referring to Table 1, when t-Buph-a 1s added, the vy inter- 20
cept (a value), which is related to the three-phase interfacial
area, increases. Therefore, 1t can be seen that using t-Buph-a,
evenly disperses phosphoric acid within the electrodes and
thus increases the three-phase interfacial area. The slope b,
which 1s related to the reaction mechanism, has a value
between the values of the sole phosphoric acid type electrode
and the electrode using PBI as a binder when the additive
t-Buph-a, was added. It 1s known that when using PBI as a
binder, the small molecule PBI dissolves 1n phosphoric acid
and 1s adsorbed on the surface of Pt, thereby reducing the
absolute value of the slope, and that a sole phosphoric acid
type electrode has a slope value of around negative 120.
Theretore, 1t could be seen that adding t-Buph-a results 1n a
change 1n reaction mechanism. 35

25

30

While the present invention has been particularly shown
and described with reference to exemplary embodiments
thereot, 1t will be understood by those of ordinary skill in the
art that various changes in form and details may be made
therein without departing from the spirit and scope of the
present invention as defined by the following claims.

40

The electrode for fuel cells according to embodiments of
the present invention contains an even distribution of benzox-
azine monomer which 1s a hydrophilic (or phosphoric acido- 45
philic) material and dissolves in phosphoric acid but does not
poison catalysts, thereby improving the wetting capability of
phosphoric acid (H,PO,) within the electrodes and thus
allowing phosphoric acid to permeate first into micropores 1n
clectrodes. As a result, flooding 1s efficiently prevented. That 50
1s, liquid phosphoric acid existing 1n a large amount within the
clectrodes 1mnhibits gas diffusion; this flooding occurs when
phosphoric acid permeates into macropores 1n the electrodes.
This prevention of flooding increases the three-phase interta-
cial area of gas (fuel gas or oxidized gas)-liquid (phosphoric
acid)-solid (catalyst).

Therefore, the fuel cell employing an electrode according
to embodiments of the present invention can operate under

conditions of high-temperature and a dry environment and
demonstrate improved cell performance.

55

Although a few embodiments of the present invention have
been shown and described, 1t would be appreciated by those
skilled 1n the art that changes may be made 1n this embodi-
ment without departing from the principles and spirit of the 65
invention, the scope of which is defined in the claims and their
equivalents.
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What 1s claimed 1s:

1. An electrode for fuel cells comprising a catalyst layer
coated on a carbon support, the catalyst layer containing a
benzoxazine monomer represented by Formula 1, a catalyst,
and a binder:

|Formula 1]

R

wherein R, 1s a hydrogen atom, a substituted or unsubsti-
tuted C1-C20 alkyl group, a substituted or unsubstituted
C2-C20 alkenyl group, a substituted or unsubstituted
C2-C20 alkynyl group, or a substituted or unsubstituted
C6-C20 aryl group;

wherein R, 1s a substituted or unsubstituted C6-C20 aryl
group, a substituted or unsubstituted C3-C20 heteroaryl
group, a substituted or unsubstituted C2-C20 heterocy-
clic group, or a substituted or unsubstituted C2-C20
heterocyclic alkyl group; and

wherein a substituent of the substituted alkyl group of R,
the substituted alkenyl group of R, the substituted alky-
nyl group of R,, the substituted aryl group of R,, the
substituted aryl group of R,, the substituted heteroaryl
group of R,, the substituted heterocyclic group of R, or
the substituted heterocyclic alkyl group of R, 1s: a) a
halogen atom; b) an additional substituted C1-C20 alkyl
group that 1s itsell substituted with a halogen atom, a
hydroxy group, a nitro group, a cyano group, an amino
group, an amidino group, a hydrazine, a hydrazone, a
carboxyl group or a salt thereot, a sulfonic group or a salt
thereol, or a phosphate group or salt thereof; or ¢) an
additional C1-C20 alkyl group, C2-C20 alkenyl group,
C2-C20 alkynyl group, C2-C20 heteroalkyl group.,
C6-C20 aryl group, C7-C20 arylalkyl group, C6-C20
heteroaryl group, or C6-C20 heteroarylalkyl group.

2. An electrode for fuel cells comprising a catalyst layer

coated on a carbon support, the catalyst layer containing a

benzoxazine monomer represented by Formula 1, a catalyst,
and a binder:

|Formula 1]

R

wherein R, 1s a C1-C10 alkyl group, an allyl group, a
C6-C20 aryl group, a tertbutyl group, a C2-C10 alkenyl
group, or a C2-C10 alkynyl group, and R, 1s a group
represented by one of the following formulae:
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3. The electrode of claim 2, wherein the content of the
benzoxazine monomer 1s 0.001 to 0.5 parts by weight based
on one part by weight of the catalyst.

4. The electrode of claim 2, wherein the catalyst 1s plati-
num, a platinum alloy, or a mixture of platinum with at least
one metal selected from the group consisting of gold, palla-
dium, rhodium, iridium, ruthenium, tin, molybdenum, coballt,
and chromium.

5. The electrode of claim 2, wherein the binder 1s at least
one polymer selected from the group consisting of poly(vi-
nylidenefluoride), polytetratluoroethylene, and tetrafluoroet-
hylene-hexatluoroethylene copolymer.

6. The electrode of claim 2, wherein the binder 1s 0.001 to
0.5 parts by weight based on one part by weight of the cata-
lyst.

7. A Tuel cell comprising the electrode of claim 2.

8. A method of manufacturing the electrode for fuel cells of
claim 2, comprising;

obtaining a dispersed catalyst solution by dispersing the

catalyst 1n a solvent;

adding, mixing and stirring of a mixture containing the

benzoxazine monomer represented by Formula 1, the
binder, and the solvent with the dispersed catalyst solu-
tion; and

coating the mixture on the surface of the carbon support.

9. The method of manufacturing the electrode for fuel cells
of claim 8, wherein the coating method comprises using a
doctor blade, Meyer bar coating, or screen printing.

10. The method of manufacturing the electrode for tuel
cells of claim 8, wherein the mixture that i1s coated on the
carbon support 1s dried at temperatures 1n the range of 20° to
150° C. for periods of 10 to 60 minutes.

11. The method of manufacturing the electrode for fuel
cells of claim 10, wherein the drying 1s carried out at room
temperature for 60 minutes.

12. The method of manufacturing the electrode for tuel
cells of claiam 10, wherein the drying i1s carried out at a
temperature of 60° C. for at least 15 minutes.

13. The method of manufacturing the electrode for tuel
cells of claim 10, wherein the drying 1s carried out at a
temperature of 80° C. for at least 10 minutes.

14. The method of manufacturing the electrode for fuel
cells of claim 10, wherein the drying 1s carried out at a
temperature of 120° C. for at least 10 minutes.

15. An electrode for tuel cells comprising a catalyst layer
coated on a carbon support, the catalyst layer containing a
benzoxazine monomer represented by Formula 1, a catalyst,
and a binder:
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wherein the benzoxazine monomer represented by For-
mula 1 1s represented by one of the compounds selected
from the group consisting of Formulae 2 through 11:
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16. The electrode of claim 15, wherein the content of the
benzoxazine monomer 1s 0.001 to 0.5 parts by weight based
on one part by weight of the catalyst.

17. The electrode of claim 15, wherein the catalyst 1s plati-
num, a platinum alloy, or a mixture of platinum with at least
one metal selected from the group consisting of gold, palla-
dium, rhodium, 1ridium, ruthenium, tin, molybdenum, cobalkt,
and chromium.

18. The electrode of claim 15, wherein the binder 1s at least
one polymer selected from the group consisting of poly(vi-
nylidenetluoride), polytetrafluoroethylene, and tetrafluoroet-
hylene-hexafluoroethylene copolymer.

19. The electrode of claim 15, wherein the binder 1s 0.001

to 0.5 parts by weight based on one part by weight of the
catalyst.

20. A fuel cell comprising the electrode of claim 15.
21. A method of manufacturing the electrode for tuel cells
of claim 15, comprising;
obtaining a dispersed catalyst solution by dispersing the
catalyst in a solvent;

adding, mixing and stirring of a mixture containing the
benzoxazine monomer represented by Formula 1, the
binder, and the solvent with the dispersed catalyst solu-
tion; and

coating the mixture on the surface of the carbon support.

22. The method of manufacturing the electrode for fuel
cells of claim 21, wherein the coating method comprises
using a doctor blade, Meyer bar coating, or screen printing.

23. The method of manufacturing the electrode for fuel
cells of claim 21, wherein the mixture that 1s coated on the

carbon support 1s dried at temperatures 1n the range o1 20° to
150° C. for periods of 10 to 60 minutes.

24. The method of manufacturing the electrode for fuel
cells of claim 23, wherein the drying 1s carried out at room
temperature for 60 minutes.

25. The method of manufacturing the electrode for fuel
cells of claim 23, wherein the drying 1s carried out at a
temperature of 60° C. for at least 15 minutes.

26. The method of manufacturing the electrode for fuel
cells of claim 23, wherein the drying 1s carried out at a
temperature of 80° C. for at least 10 minutes.

27. The method of manufacturing the electrode for fuel
cells of claim 23, wheremn the drying 1s carried out at a
temperature of 120° C. for at least 10 minutes.
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